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ABSTRACT
The m o le c u la r  geom etry  o f  a s e r i e s  o f  t r im e th y le n e  b r id g e d  fe r r o c e n e  
d e r iv a t iv e s  h a s  b een  s tu d ie d  by means o f  M össbauer e f f e c t .  I t  was found t h a t  
th e  p la n a r i t y  o f  th e  c y c lo p e n ta d ie n y l  r in g s  o f  t h e s e  f e r r o c e n e  d e r iv a t iv e s  
and, by i n f e r e n c e ,  th e  r in g -m e ta l  bond s tr e n g th  depend  on th e  mmber and th e  
p o s i t io n  o f  th e  tr im e th y le n e  b r id g e s .
АННОТАЦИЯ
Молекулярная геом етрия ряда производных ферроцена, содержащих три- 
метиленовые мостики изучалась с помощью эффекта М ессбауэра. На осн ове полу­
ченных р езул ьтатов  пок азан о, что планарность циклопентадиениловых Кольцов в 
этих соеди н ен и я х, и сл едов ател ь н о, также прочность чг-связи между ними и а т о ­
мом ж ел еза  зависит от числа и позиции триметиленовых мостиков в молекуле.
KIVONAT
A fe r r o c é n  t r im e t i l é n - h id a s  szárm azék a in ak  s o r o z a t á t  tan u lm ányoztu k  
M ö s s b a u e r -e ffe k tu s  s e g í t s é g é v e l .  Az eredm ények a rr a  u ta ln a k , h ogy  e fe r r o c é n -  
szárm azékok c ik lo p e n t a d ie n i l -g y ü r v i in e k  p la n a r i t á s a  é s  k ö v e tk e z é s k é n t  a vas  
é s  a gyűrűk k ö z ö t t i  ír -k ö té se k  e r ő s s é g e  m e g v á lto z ik , i l l e t v e  csö k k en  a t r im e t i  
lé n h id a k  sz á m á tó l é s  h e l y z e t é t ő l  fü g g ő e n .
A new f i e l d  o f  o r g a n o m e t a l l ic  ch em istry  was opened w ith  
th e  d is c o v e r y  o f  b i c y c lo p e n t a d ie n y l  iron fll^ )  in  1951 and w ith  
the  e l u c i d a t i o n  o f  i t s  s t r u c t u r e  in  1 9 5 2 / 1 , 2/ .  F errocen e  and 
i t s  many r e l a t e d  compounds m e t a l lo c e n e s  d i f f e r  from c l a s s i ­
c a l  o r g a n o m e ta l l ic  compounds in  t h a t  i n s t e a d  o f  b e in g  0"*- 
-bounded. to  a s p e c i f i c  carbon atom , the  m eta l  atom i s  bonded 
s im u lta n e o u s ly  to  a l l  t e n  o f  th e  carbon atoms v i a  th e  d. o r b i ­
t a l s  o f  the  ir o n  and th e  П Г o r b i t a l s  o f  th e  r in g s  ( F i g . l J • 
S im i la r  sandw iches had been p r e v io u s ly  p rep ared  betw een two 
benzene r in g s  and chromium but th e  r e c o g n i t io n  o f  th e  s t r u c ­
tu r e  aw aited  th e  d i s c o v e r y  o f  f e r r o c e n e / з / »  Many r e la te d ,  
compounds in c lu d in g  open fa c e d  san dw iches a r e  now know.
C o n sid era b le  work h a s  been odne on s t r u c t u r a l  p r o p e r t i e s  
o f  t h i s  m e ta l lo c e n e  fa m i ly  o f  compounds. Among t h e s e  were i n -
i
v e s t i g a t i o n s  o f  the e f f e c t  o f  t i l t i n g  th e  r in g s  so t h a t  they  
are  no lo n g e r  p a r a l l e l .  Many m e t a l lo c e n e s  are  norm ally  o f
2t h i s  form, e « g .  t i t a n o c e n e  d i c h l o r i d e ;  o t h e r s  are  f o r c e d  to  
have  n on -p la n a r  r in g s  by means o f  b r id g e s  a c r o s s  th e  r in g s  
t h a t  are too  sh o r t  to  accommodate th e  r e q u ir e d  d i s t a n c e  f o r  
p a r a l l e l  r in g s «  Among th e  l a t t e r  a re  th e  d i -  and t r im e th y le n e  
b r id g e d  d e r i v a t i v e s  o f  f e r r o c e n e  and o f  th e  monomethylene  
b r id g e d  t i t a n o c e n e  / 4 , 5 / «
The e f f e c t s  o f  r in g  t i l t i n g  have been examined by means o f  
v a r io u s  k in d s  o f  s p e c t r o s c o p y ,  e s p e c i a l l y  by means o f  proton  
m agnetic  r e so n a n c e  and by Mössbauer sp e c tr o s c o p y  / 6 , 7 / «  An e f ­
f e c t  o f  r in g  t i l t i n g  was found in  the  s h i f t s  o f  the  r in g  pro­
to n s  in  th e  proton  m agn etic  spectrum  but no s i g n i f i c a n t  e f -
57f e e t  was o b se r v e d  in  th e  Fe M össbauer a b s o r b t io n  spectrum«  
S in c e  t h i s  paper d e a l s  w ith  Mössbauer s p e c t r a ,  we s h a l l  con­
c e n tr a te  o n ly  on t h e s e  r e l e v a n t  r e s u l t s .
Mössbauer data  f o r  the  f e r r o c e n e  sy s tem  were f i r s t  r e ­
p o r ted  in  1 9 6 2 / 8 , 9 / «  A la r g e  quadrupole  s p l i t t i n g  was o b s e r ­
ved in  the M össbauer spectrum  o f  th e  f e r r o c e n e  and th e  red u c ­
t i o n  o f  t h i s  quadrupole  s p l i t t i n g  to  a lm o st  zero  in  th e  f e r r i -  
cin ium -/fC ^H ^J2^e/" l"”3Pe c ^rume vani s^ i nS o f  quadrupole
s p l i t t i n g  can be e x p la in e d  by B a l lh a u s e n s  * m o lec u la r  o r b i t a l  
model and by th e  r e s u l t s  o f  C o l l in s *  m a g n e t ic a l ly  p er tu rb ed  
Mössbauer experim ent / 1 0 , 1 1 / • C oncern ing th e  C o ll in » *  d e t e r ­
m in a t io n ,  th e  s ig n  o f  th e  e l e c t r o n  f i e l d  g r a d ie n t  i s
p o s i t i v e .  The s ig n  o f  th e  and th e  v a n is h in g  o f  th e  quad­
r u p o le  s p l i t t i n g  in  th e  o x id a t io n  to  th e  f e r r i c in iu m  io n  i s  
c o n s i s t e n t  w ith  the  p r e d i c t i o n s  o f  th e  m o le c u la r  o r b i t a l
-  3 -
model o f  B a l lh a u s e n .  A ccord in g  to  t h e s e  e x p la n a t io n s  t h e  ma­
j o r  s p l i t t i n g  i s  most l i k e l y  caused  by th e  3d e l e c t r o n s ,  
th a t  i s ,  the  rem oval o f  one e l e c t r o n  from th e  3d m o le c u la r  
o r b i t  c a u se s  th e  s p l i t t i n g  to  v a n i s h .  In  th e  r e c e n t  p a s t  a 
l a r g e  v a r i e t y  o f  r in g  s u b s t i t u t e d  f e r r o c e n e s  have a l s o  been  
prepared  and c h a r a c te r iz e d ,  by th e  M össbauer method. I t  h as  
tu rn ed  out t h a t  th e  Mössbauer param eters o f  th e s e  s u b s t i t u ­
t e d  f e r r o c e n e s  are  f a i r l y  i n s e n s i t i v e  to  th e  d e t a i l e d  s t r u c ­
tu r e  o f  the  m o le c u le ,  w ith  isom er s h i f t  b e in g  more i n s e n s i ­
t i v e  than the  quadrupole  s p l i t t i n g / 1 2 , 1 3 / .  The param eters  
f o r  a l k y l - s u b s t i t u t e d ,  f e r r o c e n e s  a r e  th e  same, even when 
l a r g e  bulky groups are  in v o lv e d  ('Table l j .  In  summary, a l l  
o f  th e  in fo r m a tio n  on th e  f e r r o c e n e s  p u b l i s h e d  u n t i l  now has  
in d ica ted , th a t  th e  r in g  t i l t  and th e  r e l a t i v e  p o s i t i o n i n g  o f  
th e  r in g s  do n o t  a p p r e c ia b ly  a f f e c t  th e  m e ta lr in g  b o n d in g .  
T his i s  a l s o  in  agreem ent w ith  th e  th eo ry  o f  B a l lh a u se n  and. 
D ah l/  1 0 / .  However, i f  a s u b s t i t u e n t  c a u se s  e l e c t r o n  d e lo c a ­
l i z a t i o n  from th e  m e t a l ,  th e  c o n t r ib u t io n  to  the  e l e c t r i c  
f i e l d  g r a d ie n t  from th e  m eta l-d  e l e c t r o n s  i s  reduced, w ith  a 
consequ en t d e c r e a se  in  th e  quadrupole  s p l i t t i n g  / 1 4 / .  T h is  
d e l o c a l i z a t i o n ,  h ow ever, has o n ly  a sm all e f f e c t  on th e  i s o ­
mer s h i f t  v a l u e .
Among th e  in t e r a n n u la r ly  b r id g e d  fe r r o c e n e  d e r i v a t i v e s  
p o ly -b r id g e d  t r im e t h y le n e - f e r r o c e n e s  have a l s o  been prepared  
/ 1 5 , 1 б / .  In t h e s e  d e r i v a t i v e s  the  c y c lo p e n t a d ie n y l  r i n g s  are  
l in k e d  by one or  more b r id g e s  o f  t h r e e  m ethylene  g r o u p s .
-  4 -
L in k in g  o f  th e  r in g s  by one t r im e th y le n e  r in g  a p p a r e n t ly  h as  
no or  a very  sm all e f f e c t  on th e  i r o n - r i n g  bonding» I n c r e a s ­
in g  th e  number o f  b r id g e s  cou ld  p o s s ib ly  in tr o d u c e  an e f f e c t  
because  o f  some p rop erty  o th e r  then  r in g  t i l t i n g »  The s t r a i n  
in tr o d u ce d  by the  t r im e th y le n e  b r id ge  may be r e l i e v e d  by s e ­
v e r a l  a l t e r n a t i v e  m eans. The r i n g s  may be t i l t e d . ,  r i n g - r i n g  
d i s t a n c e s  may be s h o r te r e d  or  th e  r in g s  may become n o n -p la n a r .  
The purpose o f  our i n v e s t i g a t i o n  was to  s tu d y  th e  e f f e c t  i f  
any in t r o d u c t io n  o f  more than one b r id g e .
E xp erim enta l
With th e  e x c e p t io n  o f  p e n t a k i s t r im e t h y le n e f e r r o c e n e  
which i s  s t i l l  not a v a i l a b l e ,  th e  br idged  f e r r o c e n e  d e r iv a ­
t i v e s  were prepared  by th e  m ethods d eve lop ed  by R in eh art  et-» 
a l . / l 6 /  w i th  on ly  minor m o d i f i c a t i o n .  In  th e  c a s e s  o f  the  
bridged  f e r r o c e n e s  th e  c y c lo p e n ta d ie n e  r i n g s  were l in k e d  by 
one or  more tr im e th y le n e  b r id g e s  ( F i g . l j .  There a r e  two 
p o s s i b l e  iso m ers  w ith  two or  t h r e e  b r i d g e s .  Por example in  
th e  c a se  o f  12BTMP th e  c y c lo p e n ta d ie n e  r in g s  were l in k e d  a t  
a d ja c e n t  p o s i t i o n s ,  h ow ever, in  th e  13BTMP th e  b r id g e s  were 
n o n a d ja c e n t .
The M össbauer s p e c t r a  o f  sam ples o f  a l l  o f  t h e s e  compounds
were r eco rd ed  by means o f  a c o n s ta n t  a c c e l e r a t i o n  ty p e  s p e c t r o -  
57m eter u s in g  a Co so u rc e  in  a chromium m a t r ix .  M e t a l l i c  ir o n  
was used  f o r  the  c a l i b r a t i o n .  The measurements were carried ,  
out a t  room tem p er a tu r e .  The M össbauer param eters were e v a lu a -
5ted by a l e a s t  sq u a res  f i t t i n g  p r o c e d u r e .  The isom er s h i f t  
v a lu e s  r e f e r  to  th e  c en ti 'o id  o f  th e  spectrum  o f  m e t a l l i c  
ir o n  a t  room te m p e r a tu r e .
R e s u lt s  and D is c u s s io n
The r e s u l t s  o f  th e  m easurem ents o f  th e  Mössbauer s p e c t r a  
in  fe r r o c e n e  and v a r io u s  bridged d e r i v a t i v e s  are  summarized 
in  F ig u re s  2 and. 3« They a l l  have d o u b le t s  due to  quadrupole  
s p l i t t i n g .  E xcep t f o r  TKTMF s i g n i f i c a n t  d e c r e a se  in  v a lu e s  
o f  the  quadrupole s p l i t t i n g s  (QS)  and o f  th e  isom er s h i f t s  
('iSj are  ob served  a s  th e  number o f  b r id g e s  i n c r e a s e s .  D i f f e ­
r e n c e s  are  o b se r v e d  between the  iso m e r s  o f  both is o m e r ic  
p a i r s ,  w ith  l a r g e r  d e c r e a s e s  in  QS and IS f o r t h e  iso m ers  w ith  
nonad.jacent b r id g e s  13BTMF and 124TTMF . For th e  TKTMF th e  
QS and IS are h ig h e r  than th e  QS and IS o f  th e  th r e e -b r id g e d  
isom ers and between the  QS and IS o f  two-bridge^, i s o m e r s .
As m entioned e a r l i e r  the  bonding  o f  th e  iro n  atom to  
the r in g s  i s  n o t  a f f e c t e d  by a lk y l  s u b s t i t u e n t s  o f  c y c lo p e n -  
ta d ie n e  r i n g s .  Hov/ever, in  the  b r id g ed  a lk y l  d e r i v a t i v e s  i t  
seems th a t  th e  l in k a g e  o f  the  c y c lo p e n ta d ie n e  r in g s  by t r i ­
m ethylene b r id g e s  c a u ses  a s i g n i f i c a n t  e l e c t r o n  d e l o c a l i z a ­
t i o n  in c r e a s e s  f o r  two and th r ee  b r id g e s  and d e c r e a s e s  a g a in  
fo r  f o u r .  I t  sh ou ld  be n o ted  th a t  i f  on ly  th e  v a lu e s  o f  QS and IS 
fo r  fe r r o c e n e  and TMF were a v a i l a b l e ,  i t  would be d i f f i c u l t  
to  c la im  th a t  t h e r e  i s  a s i g n i f i c a n t  d e l o c a l i z a t i o n  o f  e l e c t ­
rons from the  i r o n ,  and th e  c o n c lu s io n s  o f  Good / 12 /  would
- 6 -
n o t  be questioned«.
M o le cu la r  m odels su g g e s t  t h a t  the  p r e fe r r e d  i n t e r - r i n g  
s e p a r a t io n  o f  c c .  3 .3  S in  f e r r o c e n e  cannot be spanned by a 
ch a in  o f  t h r e e  C atoms u n le s s  th e  r in g s  become m u tu a lly  i n c l i ­
n e d /  1 7 ,1 8 / *  In th e  tr im e th y le n e  f e r r o c e n e  the  a n g le  between  
r in g  p la n e s  i s  c c .  9° / 7/ « B a l lh a u se n  and Dahl have  conclu ded  
t h a t  s p la y in g  o f  th e  r in g s  about the  m eta l atom can occur  
in  p r i n c i p l e  w ith o u t  s i g n i f i c a n t  l o s s  in  m e t a l - r in g  bond 
s t r e n g t h /  1 9 /»  However, l in k a g e  o f  the r in g s  by two or  more 
b r id g e s  c o u ld  not o n ly  cause  t i l t i n g  o f  th e  r in g s  but may a l ­
so  cause a th e  change in  th e  p l a n a r i t y  o f  r i n g s .  I f  th e  r in g s  
become n o n -p la n a r  th e  ^ i^ -o r b ita ls  and c o n se q u e n t ly  th e  m eta l -  
- r i n g  bond, s t r e n g t h  are  e x p e c te d  to  become w eaker. The d o r ­
b i t a l  e l e c t r o n  d e n s i t y  on the  i r o n  would, be low er  and the QS 
and IS r e d u c e d .  The n on ad jacen t  b r id g e s  to  th e  c y c lo p e n ta d ie n e
r in g s  would be e x p e c ted  to  c a u se  la r g e r  p e r tu r b a t io n s  in  th e
*
p la n a r i t y  o f  the  r in g s  than would  the  a d ja c e n t  b r i d g e s ,  and 
u l t i m a t e l y  cau se  an even g r e a t e r  r e d u c t io n  in  th e  QS and I S .
In t h e  ca se  o f  TKTMF i t  seem s l i k e l y  th a t  t h e p la n a r i t y  
o f  the r i n g s  r e la te d ,  to  th e  t h r e e  bridged  d e r i v a t i v e s  i s  
in c r e a s e d  by l i n k i n g  o f  th e  f o u r t h  b r id g e  due to  th e  in c r e a ­
s e d  e q u iv a le n c e  o f  th e  s t r a i n  on a l l  o f  th e  r in g  carbon a to m s.  
In  t h i s  c a s e ,  the  r i n g - r i n g  d i s t a n c e  would a l s o  be d e c re a sed  
and the  r i n g - i r o n  bond s t r e n g t h e n e d .  The M össbauer s tu d y  o f  
th e  f i v e - b r i d g e d  member in  t h i s  s e r i e s  may p ro v id e  fu r th e r  
e v id e n c e  on t h i s  h y p o t h e s i s  s i n c e  symmetry c o n s id e r a t io n s
demand, p la n a r i t y  and a p rob ab le  s h o r te n in g  o f  th e  r in g - r i n g  
d i s t a n c e .  A lthough t h i s  compound h a s  a p p a r e n t ly  been prepa­
r e d ,  i t  has n o t  become a v a i l a b l e  in  s u f f i c i e n t  q u a n t i ty  and 
p u r i t y  fo r  a Mössbauer measurement /  20/ .
The Mössbauer r e s u l t s  r e p o r te d  h ere  are  e x p la in e d  by a 
h y p o t h e s i s  o f  th e  n o n - p la n a r i t y  o f  th e  r i n g s .  A d d it io n a l  
s t u d i e s  n e c e s s a r y  to  con firm  the  h y p o t h e s i s  in v o lv e  a d i r e c t  
s t r u c t u r a l  d e te r m in a t io n  by X-ray c r y s t a l l o g r a p h y .  Only the  
s t r u c t u r e  o f  13BTMF has been r e p o r te d  in  a p r e l im in a r y  
f a s h i o n ,  and th e  s t r u c t u r e  o f  a k e to  d e r i v a t i v e  o f  IMP has  
been more th orou gh ly  i n v e s t i g a t e d  / 21/ .
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I ' ig u r e  1
F e r ro c e n e  and i t a  p o l y - b r i d g e d  t r i m e t h y l e n e  d e r i v a t i v e s .
I n  e a ch  caae  t h e  r e c t a n g l e s  r e p r e s e n t  t h e  c y c l o p e n t a d i e n y l  
r i n g s ,  t h e  sm a l l  s o l id ,  c i r c l e s  t h e  ca rbon  a tom s o f  th e  
r i n g ,  t h e  l a r g e  s o l i d  c i r c l e s  th e  i r o n  a tom s and  t h e  a r c s  
t h e  ca rb o n  b r i d g e s .
IMF = 1 , 1 ’ - t r i m e t h y l e n e f e r r o c e n e ;
12BTMF = 1 , 1 ’ , 2 , 2 ’ - b i s t r i m e t h y l e n e f e r r o c e n e ;
13BTMF = 1 , 1 ’ , 3 , 3 ’ - b i s t r i m e t h y l e n e - f e r r o c e n e ;
123TTMF = 1 , 1 ’ , 2 , 2 ’ , 3 , 3 ’ - t r i s t r i m e t h y e l e n f e r r o c e n e  ;
124TIMF = 1 , 1 ' , 2 , 2 * , 4 , 4 ’ - t r i s t r i m e t h y e l e n f e r r o c e n e  ;
TKTMF = 1 , 1 ’ , 2 , 2 ’ , 3 , 3 ’ , 4 , 4 ’ - t e t r a k i s t r i m e t h y l e n e f e r r o c e n e
9Q S 
mm/sec
F ig u r e  2
V a lu e s  o f  q u a d ru p o le  s p l i t t i n g s  in  th e  M össbauer s p e c t r a  
o f  p ly -b r id g e d , t r im e t h y le n e f e r r o c e n e s  a s  a f u n c t io n  o f  th e  
number o f  th e  b r id g e s .  ( V a lu e s  o f  QS a r e  + 0 .0 1  mm/s
10
F ig u r e  3
V a lu e s  o f  iso m e r  s h i f t s  i n  t h e  M ösebauer s p e c t r a  o f  p o l y -  
b r id g e d  t r i m e t h y l e n e f e r r o c e n e s  a s  a  f u n c t i o n  o f  number o f  
t h e  b r i d g e s . ( V a lu e s  o f  IS a r e  +0 .01  mm/s.)
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Table I
Mössbauer s p e c t r a  and s t r u c t u r a l  f e a t u r e s  o f  s u b s t i t u t e d
f e r r o c e n e s
♦
Compound Temp.
К
I S
mm/sec
QS
mm/sec
S tr u c tu r a l
data
( o 5H5) 2Pe 78 0 .5 2 2 .4 1 R ings are  
p la n a r  and 
p a r a l l e l  i n  
s ta g g e r e d  
c o n f ig u r a t io n .
( c 5H5 )P e(C 5H4CH3) 77 0 .5 3 2 .3 9 Ferrocene
s t r u c t u r e
ex p ected
(Ь 5Н5) Р е [ с 5Н4 с ( Й  (OH) (CgH 5) J 78 0 .5 1 2 .4 1 _  ft e
f05H40 l)  2Fe 80 0 .4 8 2 .3 5 _  П _
(0 5H5 ) P e f c 5H4 C l) 80 0 .5 0 2 .4 2 — 11 —
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